The unique properties of the neutron, which is a charge neutral subatomic particle, make it a nearly ideal particle for scattering investigations of materials. The enormous utility of the neutron in studies of dynamical phenomena stems from the ability to measure the momentum and energy transferred during the neutron scattering event simultaneously, thereby providing the experimentalist with information in both the spatial and time domains, respectively. Thus not only are neutron inelastic scattering techniques sensitive to the frequencies associated with a fluctuating object, they are also sensitive to the structure or geometry of the excitation.
principles calculations and molecular-dynamics simulations. In fact, the time and length scales accessible to molecular-dynamics simulations correspond almost exactly with those probed by neutron spectroscopy.
Thus neutron scattering provides a powerful test of these methods [6] [7] .
Atomic and molecular motions in materials occur over a wide range of time and length scales. Over the last three decades, neutron instrumentation has been developed and improved to the point where inelastic scattering methods now cover many orders of magnitude in time, spanning subpicosecond to beyond 100 ns time scales. These advances allow researchers to examine a rich variety of phenomena ranging from vibrational spectroscopy through diffusion to relaxations.
Instrumentation for neutron inelastic scattering is tailored to a particular energy and momentum (wavevector Q) transfer region. Fig. 2 shows the phase space that is accessible by a variety of spectrometers at the NIST Center for Neutron Research. The instrumentation covers seven orders of magnitude in energy and more than three in length scale. Note that as one goes to slower motions the length scale probed by the instrumentation increases. This is intentional since longer lengthscale motions tend to be slower.
Together, these fundamental properties of the neutron make it unmatched as a tool to elucidate the dynamics of materials. To date, neutrons have made numerous and invaluable contributions to understanding the key interactions in a wide variety of systems. In this article, we will describe several recent examples of research that highlight the usefulness of neutrons to study the dynamics of hydrogen and water in a broad class of materials.
Hydrogen storage materials
Developing safe, cost-effective, and practical means of storing hydrogen is crucial for the advancement of hydrogen and fuel cell technologies. The discovery by Bogdanovic and Schwickardi 8 that Ti enhances reversible hydrogen sorption in Na alanates opened up a new prospect for lightweight hydrogen storage. Neutron vibrational spectroscopy 9, 10 , the neutron analog of Raman spectroscopy, is the ideal probe of the interactions of hydrogen with the material matrix in any hydrogen storage material. First-principles calculations provide an ideal complement to neutron scattering because the intensities of the features in a neutron vibrational spectrum depend only on the amplitudes of the vibrations of the various atoms for that vibrational mode weighted by the cross section for that particular atom. This means that the entire neutron spectrum can be directly calculated from the dynamical matrix since the eigenvalues give the frequencies and the eigenvectors give the amplitudes of vibration. The dynamical matrix, which is comprised of force constants for small displacements of the individual atoms from their equilibrium positions, can be directly obtained from first-principles calculations by slightly displacing each atom in turn. Fig. 3 shows the measured vibrational spectrum of sodium alanate, NaAlH 4 , which exhibits several sharp phonon bands up to 250 meV 11, 12 .
It also shows the one-phonon spectrum, calculated with the plane-wave implementation of the generalized gradient approximation 14 to density functional theory (DFT) using the ABINIT package 15, 16 . This calculated spectrum fails to explain several features in the data. However, the inclusion of two-phonon scattering yields a spectrum that is in very good agreement with the experimental one. Without the results from DFT, these multiphonon contributions could have easily been mistaken for scattering from single phonons. The calculations also provide the assignments of the phonon bands seen in Fig. 3 . The low energy modes are whole-body translations of the AlH 4 tetrahedra. The strong features around 50 meV are a result of the torsional modes of the tetrahedra.
Because of the large scattering cross section for H and the large H displacements of these modes, they would be expected to lead to some Neutron scattering and hydrogenous materials REVIEW FEATURE Additional calculations for thick slabs of Ti-doped NaAlH 4 predict that it is even more energetically favorable for Ti to remain on the surface, substitute for Na, and attract H atoms to its vicinity 17 . Thus the neutron vibrational spectroscopy lends considerable credibility to density functional calculations that explain the catalytic effect of Ti on H incorporation and release in these materials.
Hydrogen can also be safely stored by physisorption of molecular hydrogen rather than by the sorption of atomic hydrogen into a metallic host. While it is well known that neutron diffraction can be used to locate the hydrogen in crystalline materials, inelastic neutron scattering is also important for understanding the physisorption of hydrogen molecules. This is because neutron spectroscopy can be used to observe the quantized rotational levels, i.e. transitions between the j = 0 and j = 1 rotational levels or alternatively conversions between ortho and para hydrogen. Observation of a rotational transition not only demonstrates that hydrogen is present as H 2 , but any shift in energy from 14.7 meV, the value for free rotations, yields information on the strength and symmetry of the rotational potential 18 and, therefore, can yield the number of different adsorption sites. This information on the characteristics of the binding sites can be invaluable for optimizing the characteristics of H 2 physisorption for potential hydrogen storage applications. Thus neutron scattering has been used extensively to study the rotational dynamics of H 2 in a variety of materials including carbon nanotubes [19] [20] [21] [22] , C 60 23 , nanoporous Ni phosphates 24 , and zeolites 25, 26 .
Metal-organic framework (MOF) materials are comprised of metal-oxide clusters connected by organic linkers. Because of their tunable pore size and functionality, these new nanoporous systems show promise for hydrogen storage applications [27] [28] [29] [30] [31] [32] [33] . Thus it is not surprising that inelastic neutron scattering has been used to study the which are assigned to transitions from the j = 0 to j = 1 rotational levels for hydrogen in sites near the Zn atoms and the linker, respectively. The shift from 14.7 meV implies rotational barriers of 1.6 kJ/mol and 1.0 kJ/mol for the two sites. As the loading is increased, the intensity of the second peak grows and eventually splits into four different peaks, which indicates that there are a variety of nearly isoenergetic adsorption sites.
At the same time, other peaks appear that can be assigned to various transitions in the manifolds containing the first two transitions. Finally, a peak indicative of free H 2 rotations appears. Recent neutron powder diffraction measurements at low temperature along with Fourier difference methods (Fig. 4 ) add detail to these assignments 36 . These results demonstrate that the 
Dynamics of nanoconfined water
Water is a fascinating substance 37, 38 . Its remarkable properties are primarily due to the strong hydrogen bonding between water molecules, which leads to very different thermal properties than one would have in a simple liquid. Thus the dynamics of water, which reflect the intermolecular interactions, are of particular interest.
Quasielastic neutron scattering has been applied to study the dynamics of not only bulk water [39] [40] Arrhenius law: τ = τ 0 exp(E A /RT), where E A is the activation energy for the relaxation process and R is the gas constant. Based on thermodynamic arguments, it has been proposed that supercooled water would undergo a fragile-to-strong transition between two liquid phases at around 228 K [59] [60] [61] [62] . However, supercooled bulk water reaches its homogeneous nucleation point and crystallizes into ice at 235 K, thereby preventing the observation of the proposed liquid-to-liquid transition 63 .
It is well known that confinement of liquids in small pores suppresses freezing. Chen and coworkers have exploited this by using micelle-templated mesoporous silica matrices to suppress freezing and supercool water to 200 K. These materials, referred to as MCM-41-S, have well-ordered, cylindrical pores arranged in two-dimensional hexagonal arrays. The pores have a uniform diameter of ~1.4 nm. The quasielastic spectra of water confined in pores is well-described using a 'relaxing cage model' 64, 65 . In this model, the water is trapped in a cage of other water molecules that gradually relax, forming new cages. The Neutron scattering and hydrogenous materials REVIEW FEATURE (a) (b)
Fig. 4 The hydrogen adsorption sites for H 2 in MOF-5. The ZnO 4 tetrahedra are shown in pink and the organic linkers in gray and black: (a) the first (blue) and second (green) absorption sites, respectively; (b) a view along the three-fold axis, showing the first four adsorption sites. The ZnO 2 sites are shown in brown and the sites above the benzene rings in light blue.
(a) (b)
one to extract a variety of parameters including, most importantly, the average translational relaxation time <τ Τ >, which is the time that it takes for a hydrogen-bonded cage surrounding a water molecule to relax. Measurements were required over nearly four orders of magnitude in time, which required the use of two different neutron spectrometers. is clear that the state of water continues to be a very interesting subject and that neutron scattering will continue to play an important role in elucidating its structure and dynamics.
The hydration of cement
More than 800 million metric tons of Portland cement are produced each year, making concrete the most widely used material on Earth.
Despite this and even though its social and economic importance is greater than that of Si, the fundamental structure of hydrated Portland cement is still poorly understood. Making the challenge even greater, the structure, molecular composition, and physical properties of cement vary considerably during hydration 66 Neutron scattering and hydrogenous materials REVIEW FEATURE (a) (b) first 30 hours of the hydration reaction is shown in Fig. 7a . After an initial dormant period, two hydration mechanisms can be identified:
(a) nucleation and growth of products, when the cement starts to set, and (b) diffusion-limited hydration, occurring when the permeability of the reaction products limits the ability of water to reach the hydrating particles. A quasielastic spectrum for a particular time is shown in Fig. 7b .
The kinetics of the hydration reaction are characterized using the 'bound water index' (BWI), which is determined from the ratio of the amount of less mobile hydrogen (the sum of the blue and green components) relative to the total hydrogen in the system. As hydrogen is initially only present in water and is transferred to the reaction products during the hydration of C3S and C2S, the BWI is essentially a measure of the amount of product. Thus a plot of BWI versus time describes the kinetics of the hydration reaction. The BWI curves for C3S
and C2S mixtures indicate that, for intermediate compositions, the reaction cannot be described as a linear combination of the end points.
The kinetics can be parameterized by fitting the BWI to a kinetic model, allowing the hydration kinetics to be quantified [73] [74] [75] [76] . For example, the amount of product formed during the nucleation and growth phase A can be determined. A is useful for predicting early strength development, as the amount of product (as well as type) correlates with cement strength. Another important parameter is the effective diffusion constant D i , which limits the reaction rate in the diffusion-limited regime. D i correlates with the permeability of the CSH 72 . Fig. 8 shows that both A and D i exhibit a maximum for a mass fraction of C3S between 80% and 95%. Thus the hydration reaction actually progresses faster when one adds a small amount of relatively unreactive C2S. This can be attributed to the presence of additional nucleation sites provided by the less reactive C2S, thereby allowing some nucleation of CSH to occur at sites remote from the C3S. The similar atomic composition and hydration products for C2S and C3S combine to make the C2S surface suitable for the nucleation and growth of products from the hydrating C3S. Providing these nucleation sites using C2S rather than inert particles such as silica is advantageous because C2S not only provides a favorable template, but reacts itself, albeit slowly. Therefore C2S enhances the later strength of the paste 75, 76 . Neutron scattering has identified the reason that commercial Portland cement has been developed through more than 100 years of trial and error to have approximately the C3S to C2S ratio that optimizes the hydration reaction and the strength of concrete.
Concluding remarks
Neutron scattering continues to play an ever-expanding role in elucidating the key dynamics of materials. Here we have discussed only a small segment of the myriad types of materials that have been studied using inelastic neutron scattering and the impact that scattering studies have had on our understanding of materials. In fact, we have only considered a single atom, namely hydrogen. The field is obviously much broader than space permits us to cover here.
The importance of neutron scattering will only continue to grow. neutron sources or major new experimental facilities. The developments above, together with those at existing neutron centers, will increase the types of measurements that are feasible and allow scientists to bring the unique power of neutron scattering to bear on scientific questions that are beyond current capabilities. It is therefore an exciting time to be involved in neutron scattering research.
